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ABSTRACT: Microbial water quality monitoring is crucial for
managing water resources and protecting public health.
However, institutional testing activities in sub-Saharan Africa
are currently limited. Because the economics of water quality
testing are poorly understood, the extent to which cost may be
a barrier to monitoring in different settings is unclear. This
study used cost data from 18 African monitoring institutions
(piped water suppliers and health surveillance agencies in six
countries) and estimates of water supply type coverage from
15 countries to assess the annual financial requirements for
microbial water testing at both national and regional levels,
using World Health Organization recommendations for
sampling frequency. We found that a microbial water quality
test costs 21.0 ± 11.3 USD, on average, including consumables, equipment, labor, and logistics, which is higher than previously
calculated. Our annual cost estimates for microbial monitoring of piped supplies and improved point sources ranged between
8 000 USD for Equatorial Guinea and 1.9 million USD for Ethiopia, depending primarily on the population served but also on
the distribution of piped water system sizes. A comparison with current national water and sanitation budgets showed that the
cost of implementing prescribed testing levels represents a relatively modest proportion of existing budgets (<2%). At the
regional level, we estimated that monitoring the microbial quality of all improved water sources in sub-Saharan Africa would cost
16.0 million USD per year, which is minimal in comparison to the projected annual capital costs of achieving Sustainable
Development Goal 6.1 of safe water for all (14.8 billion USD).

1. INTRODUCTION

Exposure to fecally transmitted microbial pathogens is the
primary global health risk associated with contaminated
drinking water.1,2 Therefore, assessing microbial water quality
is important for managing water resources and protecting
public health. During the United Nation’s Millennium
Development Goal (MDG) period (2005−2015), the World
Health Organization (WHO)-UNICEF Joint Monitoring
Programme (JMP) for Water Supply and Sanitation relied on
a proxy indicator for water supply safety: drinking water sources
that were constructed or managed to minimize fecal
contamination were classified as “improved” (piped water,
protected groundwater, and rainwater) and vulnerable sources
(unprotected groundwater and surface water) were classified as
“unimproved”.3 However, the limitations of this proxy are well
recognized, as multiple studies have shown significant levels of
fecal contamination in improved drinking water sources.4,5

Therefore, direct measurements of water quality are needed to
assess water safety. More generally, water quality monitoring
can allow water managers to identify contamination events, take

corrective actions when needed, and close high-risk water
sources.5 Water quality monitoring thus constitutes a crucial
tool for water safety management.
In most countries, institutional responsibilities for water

quality monitoring are established by national regulations or
guidelines. These responsibilities generally fall into two
categories: (1) operational monitoring (or water quality
control) by water suppliers; and (2) surveillance (or
compliance) monitoring by an independent agency, usually
responsible for public health.6 However, in sub-Saharan Africa,
actual testing levels by these institutions often fail to meet
regulatory requirements,7 potentially due to institutional,
personnel, and economic constraints.8 To strengthen testing
programs, capacity building efforts generally include laboratory
development and staff trainings.9 There is also increasing
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interest among public health practitioners, researchers, develop-
ment agencies, and the WHO-UNICEF JMP in the develop-
ment of low-cost water quality testing methods.10−12 These
efforts suggest that financial constraints are typically assumed to
be the main barrier to testing. However, the economics of water
quality testing remain poorly understood and the costs of water
quality monitoring at national levels have never been assessed.
Therefore, the extent to which cost may be an actual barrier to
monitoring in different settings is unclear.
Conducting a microbial water quality test involves four types

of expenses: consumables, laboratory equipment, labor (for
collecting and analyzing samples), and logistics (transport and
communication). Two previous studies have provided partial
estimates of microbial testing costs.13,14 Bain et al. collected
information from manufacturers on the costs of consumables
for 44 microbial testing methods (categorized into presence/
absence, most probable number (MPN), and colony counts).13

They found that the costs per test ranged between 0.5 and 7.5
USD (the cost of specialized laboratory equipment was
reported separately). These estimates, however, did not include
the cost of labor and logistics. In another study, Crocker et al.
relied on interviews and observations in laboratories and
treatment plants in seven countries to estimate the marginal
costs of testing (consumables, labor, and sample transport).14

For the two sub-Saharan African countries in their analysis
(South Africa and Uganda), they found an average marginal
cost per test of 8.4 USD, which also excluded ancillary
equipment costs. Both studies relied on consumables cost data
provided by manufacturers, which are likely lower than the
actual costs of acquiring supplies in Africa after shipping and
importation taxes. Consequently, the real cost of a microbial
water quality test in sub-Saharan Africa remains unknown.
In this study, we asked four questions:

(1) What is the actual cost of one microbial water quality test
in sub-Saharan Africa, including consumables, equip-
ment, labor, and logistics?

(2) How does the per-test cost and its composition vary
between and within countries?

(3) How much will it cost to monitor microbial water quality
according to WHO recommendations for all improved
drinking water sources in sub-Saharan Africa? and

(4) How does this cost compare to Water, Sanitation and
Hygiene (WASH) budgets?

To answer these questions, we used actual cost data from 18
African monitoring institutions to propose a revised cost-per-
test estimate. This study is also the first, to our knowledge, to
systematically estimate the number of microbial tests required
at national levels. These two types of estimates then allowed us
to assess the annual financial requirements for microbial water
testing at national and regional levels (46 countries total).
We focused our analysis on improved water sources because

previous analyses of microbial water quality in Africa show that
improved sources have variable levels of contamination.5 In
contrast, unimproved sources are highly likely to contain
microbial contamination, and, therefore, should be considered
unsafe for consumption without treatment. Our results provide
a nuanced understanding of the economics of microbial water
quality monitoring and can guide the allocation of resources to
improve water safety management in sub-Saharan Africa.

2. MATERIALS AND METHODS
As described below, we used multiple sources of data from
different countries to estimate the cost of a microbial test, the
population served by improved water sources, and the number
of tests required per person served. For the latter, we started
with countries from which data were available (listed in Figure
1) and then extrapolated to the other countries in sub-Saharan
Africa (46 countries total). These data allowed us to calculate
the total monitoring costs at both national and regional levels.
The monitoring costs were then compared to national WASH
budgets and utility operational costs. Our approach is
summarized in Figure 1.

2.1. Cost of a Microbial Test in Sub-Saharan Africa.
We classified the costs of a microbial water quality test into four
categories: equipment, consumables, labor, and logistics.
Equipment included the costs of durable and reusable
laboratory items such as field kits, incubators, autoclaves,

Figure 1. Overview of our approach to estimate and discuss the costs of microbial water quality monitoring in sub-Saharan Africa. The six countries
chosen for the per-test cost estimate were the countries enrolled in the MfSW program. The other countries mentioned in the Figure were selected
based on the availability of data. aSI Table S5 and Figure 2. bTable 1. cTable 2. dSI Table S2. eTable 3.
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refrigerators, weighing scales, hot plates, magnetic stirrers,
glassware, culture tube racks, inoculation loops, pipettes, and
UV lamps. Consumables included the costs of reagents and
one-time use laboratory items such as alcohol disinfectant,
distilled water, filter paper, absorbent pads, cotton swabs,
gloves, and gas cylinders. Labor included salaries and/or per
diem expenses for personnel involved in sample collection and
microbial testing. Logistics included costs related to trans-
portation and communication, such as vehicle rental or
maintenance, fuel, fare for public transportation, airtime, and
Internet credit.
We collected primary cost data from eight water suppliers

and ten health surveillance agencies located in Ethiopia,
Guinea, Kenya, Tanzania, Uganda, and Zambia. These
institutions participated in The Aquaya Institute’s Monitoring
for Safe Water research program (MfSW), which has been
described elsewhere.5,7 The 18 institutions were selected to
capture the diversity of regulated monitoring organizations in
sub-Saharan Africa, with respect to geographic settings (urban
and rural), catchment areas (49 to 276 227 km2), populations
covered by monitoring activities (75 343 to 20 000 000), testing
methods (membrane filtration, MPN, hydrogen sulfide
presence/absence tests (H2S), and Petrifilm-Colilert), monitor-
ing program structures, and water sources (piped supplies,
boreholes, dug wells, rainwater tanks, springs) (SI Table S1).5,7

The MfSW research protocol was evaluated and exempted from
full review by the Western Institutional Review Board (WIRB)
(Olympia, WA).
Between December 2014 and January 2015, we asked the 18

institutions to provide information on the costs they incurred
during the MfSW program, by filling out an itemized form
organized according to the four cost categories. Institutions
only provided data for the items corresponding to their testing
procedures. We then used a variety of methods to address gaps
in cost data: receipts submitted to Aquaya as part of the MfSW
program, cost estimates provided by local equipment suppliers,
data collected during in-depth interviews between 2012 and
2014, and follow-up calls in 2016. We amortized equipment
costs over their estimated lifespan (according to our field
experience): 10 years for large static items such as incubators,
autoclaves, weighing scales, etc.; five years for small and
movable items such as test kits, pipets, UV lamps, etc.; and two
years for glassware. Difficulties in reaching less accessible
sampling locations are reflected in the logistics costs. All costs
were standardized using currency exchange rates of January

first, 2015,15 which corresponds to the period when institutions
filled the itemized forms. Based on this information, we
calculated the average cost per microbial test across the 18
institutions.
To estimate the additional costs of quality assurance

procedures (replicates, positive and negative controls), we
assumed that these procedures would result in a 10% increase
in the number of samples (based on the minimum
recommendations from Bartram and Balance, 1996),16

increasing the consumables and labor costs by 10%. To obtain
a rough approximation of physicochemical testing expenses
(pH, turbidity, and chlorine residual), we used equipment and
consumables costs found in the literature and in a
manufacturer’s catalog.17 Details are provided in SI Text S1.

2.2. Population Using Piped and Nonpiped Improved
Water Sources in Sub-Saharan Africa. We estimated the
number of people using piped water (piped on premises and
public standpipes) and improved point source water supplies
(rainwater, boreholes/tubewells, protected dug wells, and
protected springs) in each sub-Saharan African country. To
make these estimates, we first used the JMP’s most recent data
sets18 to identify the percentages of rural and urban populations
in each sub-Saharan African country that relied on piped water
and improved point sources. We then multiplied these
percentages by 2015 rural and urban population estimates
from the UN Population Division18 to obtain the number of
people using piped water or improved point sources in each
country (SI Table S2).

2.3. Number of Tests Required Per Person Served by
Piped Water. The WHO Guidelines for Drinking Water
Quality recommendations for microbial water quality monitor-
ing, which inform most national standards, are presented in SI
Table S3.19 With respect to piped supplies, the recommended
amount of testing depends on the size of the population served
by each system. Therefore, we first estimated the number and
size of piped water systems in eight countries (Guinea, Kenya,
Mauritius, Mozambique, South Africa, Tanzania, Uganda, and
Zambia). These countries were selected because data from
national suppliers, regulators, or ministries were either publicly
available or could be obtained through the MfSW program
(Table 1). In Kenya, Mozambique, Tanzania, and Uganda, the
populations served by piped supplies, as estimated from local
data sources, were lower than the JMP estimates, suggesting
that a number of water systems, likely unregulated, were
missing from the official databases. We assumed these “missing”

Table 1. Annual Number of Tests Per Individual Served with Piped Water in Eight Countries, and Estimated Annual Costs
(USD) of Microbial Water Quality Monitoring (Using an Average Cost Per Test of 21.0 USD)

annual number of
microbial water quality

tests

country
population served with piped

watera
number of water

systemsb total
per 1000
people

annual costs of microbial water quality
monitoring (USD)

data
source

Guinea 4 252 781 132 7836 1.84 164 556 30,31
Kenya 16 126 525 1297 33 072 2.05 694 512 32−35
Mauritius 1 248 383 6 2256 1.81 47 376 36
Mozambique 7 438 753 180 14 652 1.97 307 692 37,38
South Africa 47 545 546 1036 78 252 1.65 1 643 292 39
Tanzania 13 379 723 937 25 524 1.91 536 004 40
Uganda 8 271 443 1,312 23 868 2.89 501 228 41
Zambia 5 232 697 17 6108 1.17 128 268 42

aAs estimated by JMP (piped on premises + public taps), except for Guinea, South Africa, and Zambia, for which we used the population estimates
by the national supplier or regulator, which were higher than JMP’s. bDetailed derivations for the number of utilities are presented in SI Text S2.
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systems to be small (serving <10 000 people). A detailed
derivation of the number and size of piped water systems in
each of the eight countries is given in SI Text S2. A quantitative
summary of this analysis, broken down by water system size, is
shown in SI Figure S1.
For each of the eight countries, we used WHO monitoring

recommendations (SI Table S3) and our estimates of piped
system sizes to calculate the annual number of microbial water
quality tests required per country and per individual served by
piped water (per capita). Using these results, we then derived a
model to predict the annual number of tests per capita. We
hypothesized that this number was related to the proportion of
a country’s population that is rural and/or to the level of piped
water coverage (SI Table S2) since these can affect the size of
water systems. We thus tested several linear models using one
or two variables % rural, % coverage of piped water (from SI
Table S2) including with an interaction term between the
two variables. The R2 goodness-of-fit values for the four models
tested are listed in SI Table S4. We then used the best model

(highest R2 value) to estimate the annual number of tests per
capita for each country in sub-Saharan Africa.

2.4. Number of Tests Required Per Person Served by
Improved Point Sources. The WHO Guidelines recommend
testing all point source water supplies every 3−5 years (SI
Table S3). Therefore, calculating the recommended number of
tests per countryand per capitarequired an estimate of the
total number of point sources. We identified publicly available
water point inventories (generated through organized mapping
efforts to record all water sources) for 10 countries: Benin,
Ghana, Guinea Bissau, Kenya, Liberia, Malawi, Senegal, Sierra
Leone, Tanzania, and Uganda (Table 2). For each of these ten
countries, we calculated the average number of users per
improved point source. When information on population
served was not available from the inventories, we used JMP
estimates (SI Table S2). Assuming that every source should be
tested every four years (the WHO Guidelines recommend
every 3−5 years), we converted the average number of users
per source across the ten countries into an annual number of

Table 2. Average Number of Users Per Improved Point Water Source in 10 Countries, And Estimated Annual Costs (USD) of
Microbial Water Quality Monitoring (Using an Average Cost Per Test of 21.0 USD)

country

population served with
improved point water

sourcesa

number of functional
improved point water

sources
annual number of
water quality tests

average number of
users per point source

annual costs of microbial water
quality monitoring (USD)

data
source

Beninb 2 256 205 5270 1318 428 27 668 43
Ghana 11 105 696 26 890 6723 413 141 173 44
Guinea
Bissau

357 771 5644 1411 63 29 631 45

Kenyac 1 334 781 3497 874 382 18 359 35,46
Liberia 2 984 534 6893 1723 433 36 188 47
Malawib 10 898 170 43 574 10 894 250 228 764 48
Senegalb 1 270 387 3 288 822 386 17 262 49
Sierra
Leone

2 451 589 14 666 3667 167 76 997 50

Tanzaniab 22 745 039 42 591 10 648 534 223 602 51
Uganda 20 917 384 84 755 21 189 247 444 964 41
average 330
aJMP estimates, except for Kenya, Senegal, and Uganda, whose water point inventories provided estimates of population served. bRural areas only.
cOnly five counties within Kenya (Busia, Embu, Isiolo, Kajiado, and Kisumu).

Figure 2. Cost (USD) of one microbial water quality test in 18 MfSW partner institutions in categories of equipment, consumables, labor, and
logistics. The currency exchange rate of 1/1/2015 was used. Institutions have been anonymized, but the countries (Ethiopia, Guinea, Kenya, Senegal,
Uganda, and Zambia) are represented by their first letter. The testing method used by each institution is indicated. Specific costs for each institution
are detailed in SI Table S5.
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tests per capita, which we then applied to every country in sub-
Saharan Africa.
2.5. Costs of Monitoring All Improved Water Sources

in Sub-Saharan Africa. For each country in sub-Saharan
Africa, and for each type of improved water source (piped and
nonpiped), we multiplied the estimated annual number of tests
per capita (from sections 2.3 and 2.4) by the population served
(SI Table S2) to calculate the number of tests required per
country. We then estimated the corresponding costs using the
average cost per microbial test calculated in section 2.1.We also
performed sensitivity analyses using (i) the 5th and 95th
percentiles of the numbers of tests per capita in the eight initial
countries for piped supplies and (ii) the fifth and 95th
percentiles of the numbers of users per source in the ten initial
countries for improved point sources.
Finally, we compared the costs of monitoring all improved

water sources with national WASH budgets reported in the
2014 GLAAS report by UN Water20 (available for 16
countries). We also compared our estimated monitoring costs
with utility operational costs reported by regulators and
national providers (available for the largest utilities in four
countries).

3. RESULTS
3.1. Cost of a Microbial Water Quality Test in Sub-

Saharan Africa. The average cost of conducting one microbial
test across the 18 institutions was 21.0 ± 11.3 USD (Figure 2
and SI Table S5). Upfront equipment capital costs varied
between 4200 USD and 41 700 USD (with an average of
17 700 USD, data not shown), reflecting differences in
institution sizes, testing methods, monitoring typologies, and
costs of procuring equipment in country (amortized equipment
costs are also included in the per-test cost). Per-test costs were
more variable among health surveillance agencies than among
suppliers (relative standard deviations of 68% and 25%,
respectively) (Figure 2 and SI Table S5). Equipment costs
were significantly higher for suppliers than for surveillance
agencies (+188%, p < 0.05, t test) (SI Table S5). Overall,
average costs per test were highest in Ethiopia (28.9 ± 15.8
USD) and Zambia (26.9 ± 10.7 USD), and lowest in Uganda
(12.4 ± 8.8 USD), but because of large intracountry variations,
we found no statistically significant difference between
countries (all p > 0.05, t test) (SI Table S5).
All 18 institutions brought samples to a laboratory for

analysis rather than performing microbial tests in the field.
Logistics costs were not significantly different between
institutions using a single testing location (n = 12) and those
using several (n = 6) (SI Tables S1 and S5) (p > 0.05, t test).
After excluding logistical expenses (which do not depend on
the testing method), the type of quantitative microbial test used
by an institution did not appear to influence per-test costs:
membrane filtration (12.5 ± 8.1 USD, n = 13), MPN (14.0 ±
12.4 USD, n = 3), and Petrifilm-Colilert21,22 (12.7 USD, n = 1).
However, per-test costs were lower for H2S presence/absence
tests (8.3 USD, n = 1) (SI Table S5).
Quality controls and replicates, which we estimated would

increase the expenses for consumables and labor by 10%, would
result in an addition of 0.9 USD (+4%) to the per-test cost. We
also estimated that the equipment and consumables costs for
physicochemical testing would amount to approximately 1.2
USD per test (SI Text S1). Assuming that physicochemical
tests would be conducted in the field by the same staff
collecting samples for microbial testing (negligible additional

expenses for labor and logistics), conducting these tests would
be equivalent to a 6% increase in the cost per test.

3.2. Annual Costs of Monitoring Piped Water Supplies
in Sub-Saharan Africa. Our estimates of the number of piped
water supplies in Guinea, Kenya, Mauritius, Mozambique,
South Africa, Tanzania, Uganda, and Zambia showed
substantial variation: from six in Mauritius to 1,312 in Uganda
(Table 1). The size distribution of piped water systems was also
diverse, with the majority of systems in Mauritius and Zambia
serving over 100 000 people, and the majority of systems in
Guinea, Kenya, Uganda, and Tanzania serving fewer than 5000
people (SI Figure S1).
These differences in the sizes of piped water systems between

countries resulted in substantial variation in the annual number
of microbial water quality tests per capita. In Zambia, where
most of the water systems are large, the number of annual tests
per capita was the lowest (1.17 per 1000 people). In contrast, in
Uganda, the large proportion of small water systems led to the
highest number of annual tests per capita (2.89 per 1000
people).
The best model (R2 = 0.90) to predict the annual number of

tests per capita is described by eq 1, where %rural and %
coverage are the proportions of a country’s population living in
rural areas and served by piped water, respectively (SI Table
S4). A comparison between our estimated numbers of
microbial tests per capita in the eight selected countries and
the model prediction is shown in Figure 3.

= − + × + *

− × ×

annual number of tests
1000 people served by piped water

3.46 0.08 %rural 0.06 %coverage

0.0009 %rural %coverage (1)

Using this model, we estimated the costs of monitoring piped
water supplies, based on WHO recommendations, for all
countries in sub-Saharan Africa. These costs varied between
1403 USD for Liberia and 1 655 672 USD for South Africa, and
amounted to 10 931 000 USD for the entire region (Figure 4a
and SI Table S6). Monitoring costs for piped supplies did not
increase linearly with the population served (Figure 4a),
because the number of tests per capita varied between countries

Figure 3. Annual number of tests per 1000 people served with piped
water in eight countries (black diamonds, Table 1) compared to the
best model prediction (dashed line, R2 = 0.902, eq 1), which is based
on % rural (UN Population Division estimates) and % coverage of
piped water (JMP estimates) (SI Table S2).
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as a function of the estimated size of water systems. Our
sensitivity analysis yielded cost estimates of 8 458 782 and
16 435 000 USD per year, respectively (SI Table S6).
3.3. Annual Costs of Monitoring Improved Point

Sources in Sub-Saharan Africa. Our estimates for the
average number of users per improved point water source
ranged from 63 in Guinea Bissau to 534 in Tanzania. We note
that our estimated average number of users per water point,
330, is higher than the 250 users recommended by UNICEF for
shared sources such as handpumps and public standpoints.23

Assuming 330 users per water point, we estimated that the
annual monitoring costs for all improved point sources in sub-
Saharan Africa amount to 5 106 000 USD (Figure 4b, SI Table
S6). Monitoring costs increased linearly with the population
served (Figure 4b), because we used a uniform number of users

per water point, and therefore a uniform number of tests per
capita across countries (0.76 annual tests per 1,000 people).
Our sensitivity analysis yielded lower and upper bounds of
3 449 000 USD and 15 347 000 USD, respectively (SI Table
S6).

3.4. Annual Costs of Microbial Water Quality
Monitoring in Sub-Saharan Africa. Combining our cost
estimates for monitoring piped water supplies and improved
point sources resulted in an annual cost estimate for microbial
water quality monitoring in sub-Saharan Africa of 16 038 000
USD (Figure 4c and SI Table S6). The five countries with the
highest estimated microbial monitoring costs were Ethiopia,
Nigeria, South Africa, Tanzania, and Kenya (Figure 4c). Except
for six countries (Central African Republic, Guinea Bissau,
Ghana, Liberia, Nigeria, and South Sudan), piped supplies

Figure 4. Estimated annual costs (USD) of microbial water quality monitoring in all sub-Saharan African countries, for piped water (panel a),
improved point sources (panel b), and both (panel c). On panel c, the bars indicate the respective fractions of the total costs corresponding to piped
supplies and improved point sources. On panels a and b, the population using piped water and improved point sources, respectively, according to
JMP’s 2015 estimates, is indicated. The estimated costs of microbial water quality monitoring in sub-Saharan Africa amount to 10 931 000 USD for
piped water, 5 106 000 USD for improved point sources, and 16 038 000 USD overall.
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accounted for the majority of microbial monitoring costs
(Figure 4c). Overall, point sources represented 32% of
monitoring costs.
Table 3 compares our cost estimates for monitoring all

improved sources with national WASH budgets in 16 countries,
and shows that annual microbial monitoring costs correspond
to between 0.04% and 1.68% of total government allocations to
water and sanitation (with an average of 0.51%). When
comparing monitoring costs with utility operational costs for
large piped water systems in Kenya, Mozambique, Tanzania,
and Zambia, we found that monitoring costs correspond on
average to 0.1−0.2% of their operational costs (Table 3).

4. DISCUSSION

4.1. Representativeness of the Cost-Per-Test Esti-
mate. We found that on average the cost of conducting a
microbial water quality test in sub-Saharan Africa was 21.0 ±
11.3 USD. We derived this estimate from the actual
expenditures of 18 water suppliers and surveillance agencies
in six countries capturing a diversity of geographic settings,
catchment areas, populations covered by monitoring activities,
testing methods, monitoring program structures, and water
sources (SI Table S1). The cost per test was highly variable
between institutions, likely reflecting a combination of country-
level (e.g., importation taxes, fuel prices) and institution-level
(e.g., testing method, geographic area covered, procurement
procedures) differences.
With respect to consumables, the costs that we calculated

were higher than previous estimates by Bain et al. for
membrane filtration (by 1.5 USD, i.e., +93%) and for H2S
presence/absence tests (by 4.2 USD, i.e., +324%), but similar
for MPN and Petrifilm-Colilert tests (<0.1 USD, i.e., 3%,
difference).13 On average, our cost estimate for consumables
(3.5 ± 2.2 USD) was substantially higher (+108%) than

calculated by Crocker et al. (1.7 USD).14 Our finding of higher
consumables costs likely reflects importation and delivery
expenses, which were not included in the previous analyses.13,14

We also included peripheral consumables such as distilled
water, alcohol, and gloves in our calculations, whereas previous
studies only considered expenses related to growth media and
membrane filters, which may further explain the discrepancy
between our estimates.
Our estimated cost per microbial test (21.0 ± 11.3 USD) in

Africa was also significantly higher than previously estimated by
Crocker et al. (7.3 USD for low- and middle-income countries
in general, and 8.4 USD for South Africa and Uganda).14

Although their analysis only accounted for marginal costs
(consumables, labor, and logistics), our addition of equipment
costs (3.9 ± 3.5 USD) does not, by itself, account for the
differences between the two studies: in addition to higher
consumables costs, we found labor and logistics costs to be 84%
and 201% higher, respectively, than previously estimated.14 The
higher logistics costs may result from higher local trans-
portation prices and/or longer travel times due to distant
sampling areas or poor road infrastructure. For example, the
MfSW partner institution with the highest logistics costs (E3,
41.9 USD per test) (Figure 2) had to travel up to 300 km to
reach sampling points. Similarly, Wright et al. found that
sample transportation for water quality monitoring can take
over 6 h in Colombia,24 which is less rural than many sub-
Saharan African countries.25

Our analysis shows that equipment and consumables
represent only a fraction (35% on average, SI Table S5) of
the total per-test cost. Therefore, labor and logistics should be
taken into account when selecting testing methods and
allocating resources to monitoring. Finally, large variations
within groups of institutions (e.g., surveillance agencies in
Uganda and Zambia, Figure 2) suggest that there is potential to

Table 3. Comparison of the Estimated Annual Costs of Microbial Water Quality Monitoring with (i) National Annual WASH
Budgets (16 Countries) and (ii) Annual Operational Costs of the Largest Utilities (Four Countries)

national level utility levelb

country

estimated annual microbial
water quality monitoring
costsa (million USD)

reported annual
national budget for
WASH (million

USD)20

% of
WASH
budget

number of
utilities in

this estimate

estimated annual microbial
water quality monitoring
costsb (million USD)

reported annual
operational costsc

(million
USD)32,37,40,42

% of utility
operational

costs

South Africa 1.67 3991 0.04%
DRC 0.73 1081 0.07%
Nigeria 1.82 587 0.31%
Kenya 0.88 300 0.29% 91 0.35 175 0.20%
Ghana 0.29 263 0.11%
Mozambique 0.39 259 0.15% 16 0.11 61 0.18%
Tanzania 1.00 86 1.17% 33 0.22 95 0.23%
Uganda 0.63 84 0.75%
Mali 0.29 79 0.36%
Niger 0.45 69 0.65%
Burkina Faso 0.35 52 0.67%
Chad 0.20 47 0.44%
Sudan 0.69 41 1.68%
Rwanda 0.29 36 0.81%
South Sudan 0.17 33 0.50%
Lesotho 0.06 26 0.22%
Zambia 11 0.12 97 0.13%
average 0.51% 0.19%
aFor all improved water sources. bFor the piped systems managed by these utilities. cFor Kenya, we used utility revenue as opposed to operational
costs.
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reduce costs through the sharing of testing practices between
institutions.
4.2. Affordability of Water Quality Monitoring. Our

results indicate that the costs of monitoring the microbial water
quality of all improved sources in sub-Saharan Africa,
16 038 000 USD per year, are relatively modest. Specifically,
this estimate is small compared to annual aid commitments to
sub-Saharan Africa for water and sanitation (4 billion USD in
2012).20 It is also minimal compared to the estimated annual
capital costs of achieving SDGs 6.1 in sub-Saharan Africa (14.8
billion USD).26 More significantly, for at least 16 countries,
microbial monitoring costs correspond to less than 2% of their
current national budgets for water and sanitation (Table 3). For
Ethiopia and Tanzania, which are among the five countries with
the highest estimated monitoring costs (Figure 4c), these costs
correspond to only 1.1% and 0.5% of annual aid disbursements
for WASH.20 For large utilities, the costs of implementing
WHO recommendations for monitoring the microbial quality
of piped supplies represent <0.5% of current operational costs
(Table 3). Furthermore, monitoring costs remain relatively
modest even when taking into account quality controls and
physicochemical testing, which we estimated would only result
in a 10% increase in costs. Finally, our analysis focused on
estimating the total costs of monitoring improved water
sources. Since some monitoring is already taking place,7 the
additional expenses required to reach the testing frequency
recommended by WHO, at least in some countries, may be
lower than we estimated.
Nevertheless, though microbial water quality monitoring

appears affordable at national levels, testing costs may be
prohibitive for individual institutions with limited revenues or
resources. For example, small piped systems, which often have
lower revenues per capita than large suppliers, have to conduct
more tests per capita (SI Table S3). Small systems also
represent a large fraction of the overall testing requirements
(21% across the eight countries in Table 1, see SI Figure S1).
Similarly, surveillance agencies that operate in vast rural areas
and face prohibitive logistical costs generally lack the
investment capacity for building additional field laboratories
(which would decrease their transportation costs). These
challenges may partially explain why small piped systems and
point sources are less likely to meet microbial monitoring
requirements than large piped systems in sub-Saharan Africa.7

Therefore, options to improve the cost-effectiveness of
monitoring in lower capacity systems need to be investigated,
for example through a combination of physicochemical proxies
(turbidity, chlorine residual) and lower-cost microbial tests.
It is also important to consider the upfront investment

required for initiating a monitoring program. These start-up
costs can include physical infrastructure (a building with
reliable electricity and water), laboratory equipment, staff
training, and water point mapping. Across the MfSW
participants, we calculated average equipment costs of 0.06
USD per person served (data not shown). In addition, back-up
power generators or batteries were often required. The costs of
training (sponsored by the MfSW research program) also
amounted to an average of 0.02 USD per person served (SI
Table S7). Furthermore, to ensure comprehensive coverage of
surveillance monitoring programs in rural areas, an inventory of
all point water sources may be required. An analysis of national
water point mapping exercises in eight African countries
indicates that costs have an average of 0.14 USD per person
served.27 Overall, the start-up costs for laboratory equipment,

staff training, and water point mapping would amount to
94 452 000 USD for all of sub-Saharan Africa (SI Text S3). For
the 16 countries that reported their annual WASH budgets in
the 2014 GLAAS report (Table 3), start-up costs would
represent on average 3.1% (range: 0.1−8.7%) of their annual
WASH budgets (data not shown). These estimates suggest that
start-up costs for microbial monitoring may be a more
significant challenge at the national level than ongoing costs.
In addition, we note that training can also be considered an
ongoing cost, as periodic refreshers and training of new staff
may be needed, resulting in an increase in the average cost per
test (by 2.5 ± 2.1 USD, or 12%, see SI Table S7).

4.3. Beyond Water Quality Monitoring. In this study, we
used the testing frequencies recommended in the WHO
Guidelines as a benchmark to estimate monitoring costs
because these guidelines underpin regulatory requirements for
testing levels in a number of African countries (e.g., Burkina
Faso, Guinea, Senegal, Ethiopia, and Kenya).7 However, it is
important to recognize that meeting these monitoring require-
ments may not be sufficient to assess water safety. The
likelihood that a limited amount of testing will provide an
accurate measurement of microbial contamination is influenced
by the actual contamination levels in the water source: among
highly contaminated and uncontaminated sources, fewer water
samples are needed to estimate actual contamination levels;
however, among sources with fluctuating levels of contami-
nation, many more samples are needed to estimate actual
contamination levels.28,29 Therefore, testing strategies that
account for water source contamination levels, rather than
populations served may prove more useful for guiding water
safety management. Nevertheless, the WHO Guidelines
provide a starting point, and building monitoring programs
that can meet these minimum requirements would pave the
way for the future, where more strategic testing requirements
may become increasingly realistic through increased in-country
capacity, improved infrastructure, and lower per-test costs
driven by economies of scale.
Finally, it is important to recognize that water quality

monitoring can only help protect public health if immediate
corrective actions (e.g., chlorine addition to a water system,
water source closure, etc.) are taken when fecal contamination
is detected. Such corrective actions require financial, human,
and logistical resources, which implies that monitoring
represents only a small fraction of the costs of water safety
management.

4.4. Limitations. Although our cost-per-test estimate is
based on actual data from monitoring institutions, our
extrapolations to calculate national and regional costs are
subject to uncertainties as they derive from a series of
assumptions. However, our sensitivity analyses suggest that
the order of magnitude of our overall cost estimate is robust.
Despite this, it is possible that monitoring costs may, in
practice, be higher than estimated in this study. First, it is likely
that self-supply sources (e.g., private wells, rainwater harvest-
ing) were omitted in national water point inventories. This
would have led us to underestimate the testing costs. Second,
some countries have established testing frequency requirements
that are higher than the WHO recommendations (which we
used for our estimates).7,14 Similarly, the testing frequency for
point sources may increase as part of the efforts to track
progress toward the SDGs. Third, our cost estimate only
accounts for improved water sources, and therefore does not
include 37% of the population of sub-Saharan Africa currently
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using unimproved sources.3 It is thus important to emphasize
that the total expected monitoring costs will increase in the
future as the number of people using improved sources
increases. We note that JMP data, which are based on estimates
from 2010 to 2014 (except for Somalia, where data were last
collected in 2005), may already be an underestimate of the
current coverage of improved water sources in sub-Saharan
Africa. Conversely, our estimates assume that current testing
typologies are representative of the near future. However,
increasing applications of decentralized testing structures (i.e.,
water testing field kits deployed from local public health
offices) in rural areas could lower logistics costs for monitoring
remote point sources and potentially decrease overall
monitoring costs. Finally, we note that our cost estimate for
monitoring point sources is more uncertain than for piped
sources, as illustrated by the sensitivity analysis.
4.5. Conclusions. As the SDGs brought renewed attention

to the necessity of water quality measurements, our results
indicate that in comparison to current WASH sector
expenditures in sub-Saharan Africa, the costs of water quality
monitoring programs are relatively small and should be
prioritized in sector funding plans. However, it is important
to note that starting up new monitoring programs can entail
significant capital and staffing commitments, which may be
hard to justify in small water systems that only have to conduct
a small number of tests. Therefore, we propose that future
research should investigate centralized testing facilities as a
potential option to address monitoring needs in small towns
and rural areas.

■ ASSOCIATED CONTENT
*S Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.est.6b06442.

Detailed analyses of the number and size of piped water
systems in eight countries, estimates of monitoring start-
up costs, and estimates of physicochemical testing costs
are presented in the Supporting Information, along with
supporting figures and tables referenced in the text
(PDF)

■ AUTHOR INFORMATION
Corresponding Author
*Phone: +254 739-384-197; fax: +1 415-306-7594; e-mail:
caroline@aquaya.org.
ORCID
Caroline Delaire: 0000-0001-8359-6847
Rachel Peletz: 0000-0002-9256-0800
Emily Kumpel: 0000-0003-0138-8441
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
This work was supported by a grant from the Bill and Melinda
Gates Foundation to The Aquaya Institute (Global Develop-
ment Grant Number OPP1040691). We thank all the water
suppliers and surveillance agencies that contributed to this
study, as well as our former colleagues at The Aquaya Institute,
Lola Aleru, Mateyo Bonham, and Bradley Lang, for their
substantial help with data collection and cleaning. We thank
Thanasius Sitolo (Ministry of Water, Malawi), Oscar Vivier

(Societ́e ́ des Eaux de Guineé, Guinea), and Mamadou Cellou
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